Lipids are necessary for every step in the replication cycle of hepatitis C virus (HCV) and dengue virus (DENV), members of the family Flaviviridae. Recent studies have demonstrated that discrete steps in the replication cycles of these viruses can be inhibited by pharmacological agents that target host factors mediating lipid synthesis, metabolism, trafficking, and signal transduction. Despite this, targeting host lipid metabolism and trafficking as an antiviral strategy by blockade of entire pathways may be limited due to host toxicity. Knowledge of the molecular details of lipid structure and function in replication and the mechanisms whereby specific lipids are generated and trafficked to the relevant sites may enable more targeted antiviral strategies without global effects on the host cell. In this review, we discuss lipids demonstrated to be critical to the replication cycles of HCV and DENV and highlight potential areas for anti-viral development. This review article forms part of a symposium on flavivirus drug discovery in Antiviral Research.
Introduction
Specific lipids from multiple lipid classes are central to every step in the replication cycle of the family Flaviviridae, including during viral entry, translation and replication of the viral genome, and assembly and egress of progeny virions (Fig. 1) . The Flaviviridae are the causative agents for various acute and chronic disease worldwide, including dengue hemorrhagic fever (dengue virus), viral hepatitis C (hepatitis C virus), yellow fever (yellow fever virus), as well as encephalitis caused by multiple members of the Flavivirus genus within the Flaviviridae family, including West Nile virus, tickborne encephalitis virus, Japanese encephalitis virus, amongst others.
The interaction of the Flaviviridae with host lipids and host lipid metabolism is the subject of this review, with particular focus on dengue virus (DENV) and hepatitis C virus (HCV). Since an exhaustive review of current literature in this area of research is limited by space constraints, pharmacological agents approved for use in humans and that may inhibit HCV by directly or indirectly target lipid and lipid-associated pathways are summarized in Table 1 . Since there are to our knowledge no clinical studies assessing the effect of host lipidtargeting agents against DENV, Table 2 summarizes work in which small molecule probes have been used to study the role of host lipid biosynthesis, metabolism, and trafficking in Flavivirus replication. These summaries together highlight the potential to target host lipid metabolism as a countermeasure against pathogens in the Flavivirus and Hepacivirus genera.
Targeting cellular lipid pathways
Strategies to inhibit viral pathogens by manipulating the host targets on which they depend are attractive due to their potential for broad spectrum activity against multiple viruses within the same genus or family and for having high barriers to resistance compared to virally-targeted agents. Rational design of selective host-targeted antivirals, while avoiding host toxicity, can conceivably be achieved by identification and targeting of lipids that are not required for host cell functions and/or by targeting steps in lipid synthesis, metabolism, or trafficking for which viruses have a greater sensitivity than the host cell, thus allowing for a reasonable therapeutic window. For example, the discovery of an increase in malonylcoenzyme A (malonyl-CoA, precursor in fatty acid synthesis) in human cytomegalovirus (HCMV)-infected cells revealed that cellular fatty acid synthase (FAS) is necessary for HCMV replication. Pharmacological inhibition of FAS with C75 reduced HCMV replication by 2 log 10 unit and was shown to be non-toxic to cells at the concentrations tested against viral infection (Munger et al., 2008) , providing proof of concept that a therapeutic window can exist for even one of the most central pathways in lipid metabolism. In most cases, however, a better fundamental understanding of lipid structure and function in viral replication is likely needed to design and develop antivirals that target host pathways of lipid synthesis, metabolism, trafficking, and signal transduction.
Although many host lipid metabolic pathways were first identified and characterized over 70 years ago, only recently have they been examined in the context of viral infection to reveal novel host-virus interactions that are essential for viral replication. There are several known functions that host lipids serve in the replication of many viruses. First, lipid membranes are structural components of all enveloped virions. Second, lipid bilayers often serve as platforms for the chemical reactions that comprise viral replication, including viral gene expression, replication of the viral genome, and viral assembly. Localization of these viral processes to membranes compartmentalizes them, thus protecting them from host defense systems. In addition, membranes increase the efficiency of viral processes by concentrating reactants and catalysts and also by scaffolding molecular interactions. The functions of membranes in biological processes are dictated by the physicochemical properties of their component lipids, including but not limited to membrane curvature and fluidity (Fig. 2) . Third, lipid-mediated signal transduction is an important regulator of the host-response to viral infection as well as viral pathogenesis.
To develop antiviral strategies that inhibit these viral processes via more narrowly focused effects on specific host lipid synthesis, metabolism, and trafficking targets, we must first define the specific lipids that function in viral processes. Virologists have traditionally inferred functional significance of lipids via detection of virus-induced changes in the expression of host factors that mediate lipid synthesis, metabolism, and trafficking. Since these proteins generally act on entire classes of lipid molecules, studies that interpret changes in host gene expression have generally been unable to provide details about the specific lipid molecules involved in viral replication. It simply is not possible to infer how changes in host gene expression or protein abundance affect the specific lipid structures produced. Likewise, RNA interference (RNAi) studies showing the antiviral effects caused by depletion of relevant host factors do not provide structural data on the specific lipid molecules required for viral replication.
Since direct methods for examining how viral pathogens affect lipid homeostasis or correlating changes in lipid abundance with antiviral activity have not been widely accessible, most of our knowledge has been limited to how classes of lipids (e.g., fatty acids, sterols, sphingolipids) may function in viral replication. As with other types of proteins and other biomolecules, however, even small changes in structure can result in significant changes in biological function (Fig. 3) . For example, phosphatidylinositol (4, 5) bisphosphate is an activator of several sodium channels (Hilgemann, Feng, and Nasuhoglu, 2001) , while phosphatidylinositol (3, 4, 5) triphosphate, which differs by one additional phosphate group, is a second messenger molecule that activates the AKT and other signaling pathways (Newton, 2009 ). These two molecules, while structurally very similar, cannot substitute for each other functionally. Likewise, cis versus trans isomers of the same fatty acid side chain can have significantly different effects on lipid bilayer mobility (Fig. 2) . The significant impact of even subtle structural changes on function makes it necessary to resolve and examine specific lipid molecules rather than groups of lipids or entire classes of lipids in order to study how they function in viral replication.
The International Committee for the Classification and Nomenclature of Lipids (ICCNL) has named 8 lipid classes in biology (Table 3) (Fahy et al., 2011; Fahy et al., 2005; Fahy et al., 2009) . "Global" lipidomic analysis of all eight lipid classes has posed a significant challenge versus comparable analyses of other biopolymers (e.g., nucleic acids, proteins) due to diversity in the structure and biosynthetic mechanisms of lipids, the number of distinct lipid substances within cells, the dynamic range of lipid concentrations in biological samples (bioactive lipids present at attomolar concentrations to fatty acids present at nanomolar concentrations), and the inability to define the absolute structure of a lipid molecule by simply measuring its molecular weight. Typically, lipids are extracted from biological samples into an organic solvent chosen based on the type of biological sample and the metabolite to be quantified in downstream analysis. Traditional methods of analysis have included separation and analysis of retention times on chromatography substrates, thin layer chromatography, or nuclear magnetic resonance. The most powerful tool for lipid analysis today is mass spectrometry (MS) coupled with liquid or gas chromatography (Han and Gross, 2005; Ivanova et al., 2009; Rolim et al., 2015) , and recent studies demonstrate the power of this approach in studying how viral replication and host lipids intersect (Perera et al., 2012; Rodgers, Saghatelian, and Yang, 2009; Rodgers et al., 2012; Tanner et al., 2014) .
Lipids involved in the DENV and HCV replication cycles

Viral entry
DENV, a member of the genus Flavivirus, and HCV, a member of the genus Hepacivirus, have plus-sense RNA genomes of 10-to 11-kilobases in length that share a common genomic organization and that are protected by a lipid membrane. The first step in the replication cycle is entry of the virus and delivery of the viral genome to the host cytosol. For DENV and other members of the Flavivirus genus, this entails clathrin-mediated uptake of the virion following contact with attachment factors on the cell surface and then subsequent fusion of the viral lipid membrane with the host endosomal membrane.
As with other enveloped viruses, the efficiency of the fusion process is likely affected by the lipid content of the entering virion as well as by the host target membrane (Zaitseva et al., 2010) . Membrane fusion is catalyzed by structural changes in the viral surface glycoprotein, E, in response to exposure to acidic pH. While the early endosomal pH is sufficient to trigger the structural changes in E that catalyze fusion of DENV virions with liposomes in vitro, live cell imaging experiments (van der Schaar et al., 2008; van der Schaar et al., 2007) indicate that the nucleocapsid is released from Rab7-positive late endosomes in vivo. This suggests that fusion during infection is more complex and likely requires additional physiological triggers, including, perhaps, the direct involvement of specific lipids in the target membrane. Consistent with this idea, negatively charged lipids like phosphatidylserine or bis(monoacylglycero)phosphate (BMP) increase the fusion of dengue virus with synthetic liposomes (Nour et al., 2013; Zaitseva et al., 2010) , and these lipids are abundant within the internal membranes of the late endosome and lysosome but lacking in the internal membranes of the early endosome. Delaying viral fusion until anionic lipids are encountered in the late endosome may ensure that viral RNA is efficiently delivered to the translation and replication machinery.
HCV virions have been shown to associate with several host lipoproteins. Interactions with apolipoprotein A-I (apoA-I), apoB-48, apoB-100, apoC-I, and apoE (Benga et al., 2010; Catanese et al., 2013; Diaz et al., 2006; Dreux et al., 2007; Hishiki et al., 2010; Mancone et al., 2011) , lead to lower buoyant densities due to the formation of "lipoviral particles" that protect virions from the humoral immune response of the host while also mediating viral entry, as evidenced by the high specific infectivity of virions in lipoviral particles (Catanese et al., 2013) . Although HCV's entry mechanism(s) are complex and still not fully elucidated, host lipid trafficking proteins including the low-density lipoprotein receptor (LDLR) (Albecka et al., 2012; Monazahian et al., 1999) , scavenger receptor class B member 1 (SRB1) (Bartosch et al., 2005; Kapadia et al., 2007) , and Niemann-Pick C1-like protein (NPC1L1) (Sainz et al., 2012) are clearly required. DENV infectivity is similarly enhanced when the virus is preincubated with apoA-1 and is decreased upon knockdown of SRB1 ; however, the mechanistic basis of these effects has been less studied. LDLR's interaction with HCV-associated apoE provides an initial low-affinity interaction that concentrates virions on the cell surface (Owen et al., 2009) . SRB1 functions at multiple points in HCV entry: the interaction of SRB1 with the viral E2 glycoprotein contributes to the attachment step, while its lipid transfer activity is thought to facilitate subsequent release of the virion from the lipoviral particle and its interaction with the HVR region of E2, thereby inducing conformational changes that enable E2's interaction with CD81, a cellsurface protein identified as a co-receptor for HCV entry (Bartosch et al., 2005; Cormier et al., 2004; Pileri et al., 1998 ). The precise function of the cholesterol-binding protein NPC1L1 in HCV entry is not understood; however, NPC1L1's natural function is in cholesterol absorpation and uptake (Zhang et al., 2011) , and pharmacological agents that block cholesterol-trafficking by NPC1L1 inhibit HCV entry. Together, these observations suggest that NPC1L1 may be involved in trafficking of HCV to the endosomal compartment. Thus, although ezetimibe was originally approved by the Federal Drug Administration (FDA) to treat high cholesterol levels, repurposing of this NPC1L1 inhibitor shows promise as a pan-genotype anti-HCV therapeutic (Sainz et al., 2012) .
Viral gene expression and genome replication
Translation and co-translational processing of viral polyproteins occur on the ER membrane or membranes derived from the ER, which is the site of biosynthesis of glycerophospholipids, sterols, ceramides, and glycosphingolipids (Table 3 ). The ER membrane itself has relatively low cholesterol and sphingolipid content due to rapid transport of these lipid classes to other subcellular locations. This contributes to relatively loose packing of lipids in the ER membrane, which likely has functional significance since newly synthesized proteins and lipids insert into the ER membrane before being transported to other subcellular locations. These attributes of relatively loose lipid packing and high mobility may likewise be important for efficient co-translational processing of the DENV and HCV polyproteins by host peptidases and the DENV NS2B/NS3 and HCV NS3/NS4A proteases, respectively, although we are unaware of experiments that have explicitly examined this possibility.
For DENV, convoluted membranes (CMs) in infected Huh7 cells have been shown to contain the viral NS2B/3 protease but no other detectable viral proteins (Junjhon et al., 2014) . While this suggests that CMs may be the site of polyprotein processing, the absence of CMs in DENV-infected mosquito cells (Junjhon et al., 2014) makes it unclear whether these structures play a specialized role in DENV translation or polyprotein processing. Regardless of whether CMs are a functional structure for DENV polyprotein processing or a by-product of viral infection, the distinct morphological differences between CM and the adjacent ER membrane must reflect differences in their respective lipid and/or protein content. Thus, characterization of the chemical composition of CMs may provide insights into their function, the biochemical mechanisms leading to their formation, and whether specific inhibition of enzymes leading to their formation might mediate antiviral activity.
Replication of DENV and HCV RNA genomes occurs in specialized organelles derived from the ER or Golgi membranes (Figure 1 ). For DENV, the compartments -dubbed "vesicle packets" (VP) -appear as invaginations of the ER membrane, approximately 90 nm-wide and containing NS5, the RNA-dependent RNA polymerase, as well as nonstructural proteins 2B, 3, 4A, and 4B (NS2B, NS3, NS4A, NS4B) along with doublestranded RNA (Grief et al., 1997; Welsch et al., 2009) . A pore of approximately 10-nm width appears to connect the interior of the VP with the cytosol, and presumably permits trafficking of NTPs and newly synthesized viral genomes into and out of the VP, respectively. For HCV, the replication compartments appear as double-membrane vesicles (DMVs) with an average diameter of 150 nm (Romero-Brey et al., 2012) . In contrast to DENV VPs, DMVs appear to be protrusions of the ER membrane into the cytosol, and it remains unclear whether RNA replication occurs on the interior of the DMVs or on the outer surface.
Formation of both DENV VPs and HCV DMVs requires regions of both negative and positive membrane curvature, which may be induced by proteins embedded in the membrane and/or by the physicochemical properties of the lipids forming the bilayer ( Figure  2) . Notably, biochemically isolated replication membranes for both DENV and HCV are enriched in sphingolipids and sterols relative to the ER membrane from which they are derived (Merz et al., 2011; Perera et al., 2012) . These lipids may function in inducing curvature, formation of ordered domains, and/or in specific recruitment of host or viral proteins to the site of genome replication. Indeed, cholesterol may be important for assembly of the DENV RNA replication complex, perhaps due to the formation of cholesterol-rich micro domains within the ER. Consistent with this, pharmacological inhibition of squalene synthase and HMG-CoA synthase, two enzymes necessary for cholesterol biosynthesis, inhibited live DENV in cell culture (Rothwell et al., 2009) . It is also worth noting, however, that inhibition of squalene synthase and HMG-CoA synthase perturb isoprenoid biosynthesis. Consequently, the antiviral activity of compounds targeting these enzymes may also be due to their effects on protein lipidation, perhaps by interfering with recruitment of necessary factors to the membranes where DENV genome replication occurs.
Indeed, since inhibition of a DENV replicon by RNAi against mevalonate diphospho decarboxylase (MVD) was not rescued by the individual addition of cholesterol, farnesyl pyrophosphate, or geranylgeranyl pyrophosphate, this suggests that multiple branches of isoprenoid biosynthesis and metabolism have distinct roles in DENV RNA replication. In addition, mass spectrometry-based lipidomic analysis DENV replication membranes isolated from infected mosquito cell line C6/36 revealed that these membranes are enriched in longchain ceramides and dihydroceramides (Perera et al., 2012) , which are sphingolipid-class lipids (Table 3) . Whether ceramide production modulates DENV replication in vivo remains to be seen since inhibition of ceramide biosynthesis was recently reported to enhance DENV replication in cell culture (Aktepe, Pham, and Mackenzie, 2015) . In model membranes, these lipids have been shown to induce negative membrane curvature and to alter the size and shape of lipid-ordered domains, leading to the formation of much larger rafts that protrude up to two nanometers above the surrounding phospholipid bilayer (Ira and Johnston, 2008; Ira et al., 2009; Johnston and Johnston, 2006 ). An understanding of how the physicochemical properties of these lipids are important for the formation of VPs and/or the assembly of the macromolecular replicase complex therein remains to be determined.
HCV has, in turn, been shown to cause significant perturbations of cellular lipid trafficking, leading to budding of ER vesicles collectively known as a membranous web (MW) (Egger et al., 2002; Romero-Brey et al., 2012) . The MW is thought to be a vesicular scaffold from which functional RCs are generated (Romero-Brey et al., 2012) . Formation of RCs requires synthesis of phosphatidylinositol-4-phosphates (PI4P lipids), members of the glycerophospholipid class (Table 3) (Berger et al., 2009; Reiss et al., 2011) . The intracellular abundance of PI4P lipids is enriched three-fold in HCV-infected cells and is specifically enriched at sites where replication of the HCV genome occurs (Reiss et al., 2011) . Notably, the HCV NS5a protein is sufficient to relocalize PI4KIIIalpha to HCV RCs and to increase enzymatic activity of this complex (Reiss et al., 2011) , and replicon resistance to inhibitors of PI4KIIIalpha maps to the C-terminus of NS4b and N-terminus of NS5a. While the presence of PI4KIIIalpha alone could be necessary and sufficient for HCV replication, the finding that a concomitant decrease in viral protein with a PI4KIIIalpha inhibitor suggests that its product, a PI4P lipid, is necessary (Berger et al., 2009 ).
Consistent with models in which NS5a-mediated recruitment of PI4KIIIalpha and synthesis of PI4P lipids are critical for HCV RNA replication, the MW does not form in the absence of PI4KIIIalpha, and HCV RNA replication is inhibited upon RNAi-mediated depletion, pharmacological inhibition, or mutation of the active site of PI4KIIIalpha, but not the closely related PI4KIIIbeta enzyme (Berger et al., 2009; Reiss et al., 2011) . While NS5a's biochemical function(s) remain poorly understood, modulation of its phosphorylation state (phosphorylated versus hyperphosphorylated) has been shown to regulate HCV replication (Evans, Rice, and Goff, 2004; Masaki et al., 2008; Quintavalle et al., 2007) as well as its interaction with PI4KIIIalpha, suggesting a relationship between these two phenomena. Pharmacological inhibition of NS5a hyperphosphorylation reduces its interaction with PI4KIIIalpha, resulting in NS5a clustering and relocalization, and a reduction in PI4P lipids in replication-associated membranes (Berger et al., 2014; Chukkapalli et al., 2015; Lee et al., 2011; Reghellin et al., 2014) .
Although attempts to pharmacologically inhibit PI4KIIIalpha as an antiviral strategy appear to have stalled due to toxicity (Vaillancourt et al., 2012) , the mechanism(s) of action of NS5a inhibitors may include their downstream effects on the recruitment of PI4KIIIalpha to replication membranes and synthesis of PI4P lipids at this site. Consistent with this, abrogation of HCV replication achieved by blocking formation of the MW (Berger et al., 2014) was observed with daclatasvir (formerly BMS-790052, currently in Phase 3 trials and approved for the European market) (Chukkapalli et al., 2015) and BMS-553 (a daclatasvirderivative) (Berger et al., 2014) .
Although much remains to be learned regarding the relationship between lipid structure and function in DENV and HCV replication membranes, the idea that genome replication compartments have a functionally specialized lipid composition is consistent with the observation that formation of these compartments often coincides with specific perturbations of the lipid biosynthesis and trafficking machinery of the host. Our understanding of the specific lipids required for biogenesis of replication membranes, RCs or MWs, will be greatly improved as technological advances arise to distinguish similar lipids within a given class (e.g., PI4P lipids).
Viral assembly
Budding of DENV particles is thought to occur at ER sites proximal to VPs, which have been visualized via ultrastructural methods (Welsch et al., 2009) . Lipid dropletscytoplasmic organelles that store neutral lipids such as cholesteryl and other sterol esters-have been known to play a critical function in HCV particle assembly for some time (McLauchlan et al., 2002; Miyanari et al., 2007) . In contrast, evidence for their role in DENV replication has only recently been forthcoming Martins et al., 2012; Samsa et al., 2009 ). Trafficking of the HCV core protein to lipid droplets requires MAP kinase-regulated cytosolic phospholipase A2 (cPLA2) (Menzel et al., 2012) and diacylglycerol O-acetyltransferase (Herker et al., 2010) . Pharmacological inhibition of either enzyme leads to inhibition of HCV assembly. cPLA2 catalyzes the lipolysis of arachidonic acid (AA), a fatty acid-class lipid (Table 3) . While both HCV and DENV appear to differ in their requirement for AA, inhibition of cPLA2 with pyrrolidine-2 significantly reduced the infectivity of both DENV and HCV (Menzel et al., 2012) .
Pyrrolidine-2 appears to block HCV assembly by inhibiting the association of core protein with lipid droplets (Menzel et al., 2012) . Although the effect of pyrrolidine-2 on the analogous association of DENV core with lipid droplets was not assessed, evidence suggesting an analogous mechanism of inhibition includes the observation of impaired DENV particle assembly but not impaired viral RNA synthesis when the interaction of DENV core protein with lipid droplets is disrupted using a peptide mimic .
Viral budding/egress
HCV particle secretion is linked to cholesterol secretion by host lipoproteins. The heterogeneous pool of HCV virions in patient serum have a wide range of buoyant densities; only the low density viral particles are infectious (Agnello et al., 1999; Andre et al., 2002) . These particles are characterized by very low density lipoprotein (VLDL) markers. The detergent-resistant interaction between HCV and one of these markers, ApoB, suggests that the virion is physically associated with VLDL particles and does not simply copurify with VLDL particles (Nielsen et al., 2006) . Virions and VLDL are likely secreted from the cell by a common pathway because inhibition of VLDL assembly also blocks HCV secretion from cells; moreover, the VLDL assembly machinery colocalizes with HCV RNA replication complexes (Gastaminza et al., 2008; Huang et al., 2007) .
Interestingly, lipid droplets are the major source of triglycerides, a class of lipids marked by a glycerol core esterified to three fatty acids that are used for energy storage and transport and that are also present in VLDL assembly (Chao, Stiers, and Ontko, 1986) . This makes it tempting to hypothesize that HCV increases the rate of its own particle secretion via association with VLDL particles by enhancing the accumulation of VLDL cargo in lipid droplets. Consistent with the notion that the roles of lipid droplets and VLDL in Flaviviridae assembly are intertwined, the analogous interaction of the DENV core protein with VLDL was inhibited in vitro by the same amidated peptide used to inhibit its association with lipid droplets (Faustino et al., 2014; Martins et al., 2012 ). It appears that DENV may also use a strategy similar to HCV's for secretion into the extracellular milieu; however, the antiviral potential of disrupting of this interaction remains to be demonstrated (Faustino et al., 2014) .
Lipid analyses of HCV suggest that part of its envelope may be derived from the plasma membrane; however, data acquired from cryo-electron tomography suggests that budding from the ER contributes to the formation of the viral lipid envelope (Romero-Brey et al., 2012) . Indeed, a mixture of host lipids, including, cholesteryl esters, cholesterol, sphingomyelin, and phosphatidylcholine were the major lipid species identified in the virion (Merz et al., 2011) . Interestingly, although the ER membrane is known to be rich in phosphatidylcholines but low in cholesterol and sphingolipids (Glaumann and Dallner, 1968) , HCV virions have been shown to be enriched in all three classes of lipids. Sterols and sphingomyelin in the viral lipid bilayer appear to be functionally important, since depletion of cholesterol or hydrolysis of virion-associated sphingomyelin causes a significant reduction in particle infectivity .
One potential explanation consistent with these observations is that HCV buds from the ER membrane at ordered sites that are sphingolipid-and cholesterol-rich sites. Although phosphatidylcholine is abundant in the plasma membrane and was detected in HCV, phosphatidylethanolamine, another abundant plasma membrane lipid, was detected only at low levels in HCV (Merz et al., 2011) . While this could indicate that HCV particles can actually bud from the plasma membrane, it more likely shows that the lipid content of the virion is dynamic and may change as the viral particle traffics through the cell. The presence of cholesteryl esters in HCV virions is likely another manifestation of this. Viral egress may thus reflect and require a concerted series of modulations in lipid composition and localization that occur specifically and concomitantly with changes in viral or cellular protein localization. Whether this is an active or passive mechanism is not known.
The DENV particle acquires its lipid bilayer and also associates with its respective glycoproteins --E with its chaperone prM --during budding into the ER lumen (Junjhon et al., 2014; Romero-Brey et al., 2012; Welsch et al., 2009 ). The lipid composition of the viral particle therefore has functional significance although the mechanism whereby virions achieve a lipid composition that appears to differ significantly from the general composition of the ER remains to be elucidated Perera et al., 2012) . Although DENV and HCV both appear to use the conventional secretory pathway for particle egress, the extent to which trafficking affects the lipid content of viral particles and, conversely, the extent to which lipid content directs particle trafficking, have not been reported.
Supportive mechanisms that promote viral replication
Membrane proliferation and energy availability DENV perturbs fatty acid synthesis by altering localization of fatty acid synthase (FAS). The DENV NS3 protein binds FAS and enhances its activity upon relocalization to DENV replication complexes . This likely explains the observed increase in fatty acids upon DENV infection and suggests that the de novo synthesis of fatty acids is important for DENV replication. Autophagy, which is elevated upon DENV infection, also contributes to the increasing pool of fatty acids during DENV infection, although inhibition of autophagy has a smaller effect on DENV replication (~1 log 10 unit) than inhibition of FAS (>2 log 10 units) Lee et al., 2013; Lee et al., 2008b; Mateo et al., 2013) . Increasing fatty acids in the host cell may support DENV replication by providing a source of ATP in the cell since inhibition of the beta-oxidation of fatty acids also reduced DENV replication by approximately 1 log . C75, a small molecule inhibitor of FAS, has been shown to inhibit DENV replication in cell culture, illustrating that inhibitors of FAS may represent a promising avenue for anti-DENV therapeutics Perera et al., 2012; Poh et al., 2012) .
Interestingly, orlistat, an FDA-approved drug to combat obesity, has also been shown to inhibit FAS (Kridel et al., 2004) ; however, we are unaware of published studies examining the effect of orlistat on DENV replication. Additional roles for FAS and specific fatty acids in DENV replication -for example, as structural components of the replication compartments or as components of host cell signal transduction regulating viral processes --remain to be explored. Further investigation is required to determine the structural and biochemical mechanisms responsible for NS3's enhancement of FAS activity and whether similar mechanisms exist for HCV and other members of the Flaviviridae.
Concluding remarks
The importance of cellular lipid metabolism for a variety of human viral pathogens suggests that we may someday be able to exploit these pathways to selectively inhibit viral pathogens with minimal host toxicity and also increased barriers to viral resistance. Studies to date on DENV and HCV illustrate the rich potential for this, but also demonstrate that a more sophisticated understanding of specific lipids and their functions in viral processes will be required to engineer therapeutic strategies that avoid host toxicity or that inadvertantly enhance the replication of other viral pathogens.
For example, statin drugs are commonly used as tools to probe the roles of sterols in viral replication. These drugs specifically inhibit the main rate-determining step in isoprenoid biosynthesis, the synthesis of mevalonate by 3-hydroxy-3-methyl-glutaryl-CoA (HMG CoA) reductase. The effect of this on cholesterol synthesis is the basis for the use of these drugs in cardiovascular disease, but inhibition of HMG CoA reductase can affect multiple processes in the HCV and DENV replication cycles via inhibition of cholesterol biosynthesis and can also can exert profound effects on protein lipidation, which is functionally important for viral replication (Kapadia and Chisari, 2005; Ye et al., 2003) . Statin treatment blocked HCV RNA synthesis in a stable HCV replicon cell line, but this effect could be reversed by treatment with downstream metabolites in the pathway (Ikeda et al., 2006; Ye et al., 2003) . Interestingly, some members of the statin family had greater effects than others, and one member, pravastatin, had no effect at all (Ikeda et al., 2006) .
Although the mechanisms underlying these observations made in vitro are still not fully understood, the antiviral activity of HMG CoA reductase inhibitors prompted immediate clinical trials. To date, these have reported contradictory results. The first study found no change in serum viral RNA after 12 weeks of treatment of ten HCV patients with 20 mg/day atorvastatin (O'Leary et al., 2007) . These patients all had high serum cholesterol levels that were reduced after atorvastatin treatment, suggesting that the drug had an effect on its target but not on HCV. A subsequent study found a significant reduction in serum viral RNA after 2-12 weeks of treatment of thirty-one HCV patients with 20-320 mg/day fluvastatin (Bader et al., 2008) . This reduction in viral RNA was as high as 1.75 log 10 for two of the subjects and was sustained throughout treatment. The most recent epidemiological study compared the medical records of 200 patients and found no difference in HCV RNA levels with any statin treatment (Forde et al., 2009) . As illustrated by this example, pharmacological approaches that have complex (or potentially complex) mechanisms due to their effects on the synthesis and metabolism of multiple lipid classes complicates mechanistic studies and may be subject to greater variability when translated to humans.
A better strategy for targeting host lipid synthesis/metabolism might be to identify specific lipid species (not classes of lipids) that are required for viral replication but that are not required by the host due to redundancy in synthetic pathways and also uptake from nutritional sources. Steady-state lipidomic analyses comparing infected and non-infected lipidomes provide an approach for identifying these lipids that may be rare in uninfected cells due to metabolic flux, but that are important for viral replication and that become much more abundant due to viral perturbations (Munger et al., 2008; Rodgers et al., 2012) . For example, lipidomic profiling of HCV JFH1 infection in cell culture identified a ten-fold increase in intracellular desmosterol, a lipid relatively non-abundant in uninfected cells. No change in intracellular cholesterol was observed (Rodgers et al., 2012) . Inhibition of desmosterol biosynthesis was found to block HCV replication in vitro and rescue of this antiviral effect through the addition of exogenous sterol varied with lipid structure: even the subtle difference of a single alkene in desmosterol and cholesterol (Figure 3 ) was associated with a difference in the extent of rescue. While the function of desmosterol in HCV replication remains unclear, this illustrates a potential antiviral strategy that more narrowly targets lipid molecules that appear to be specific for viral replication while avoiding global perturbation of other cellular pathways. Key to testing this approach is elucidation of the structural and functional specificity of host lipids in viral replication.
Highlights
We review lipid synthetic, signaling, and trafficking pathways as potential drug targets for the treatment of dengue and hepatitis C.
Lipids serve critical functions in viral replication.
The relationship between lipid structure and specific function in viral processes is still poorly understood.
The diversity of lipid structures and functions poses an analytical challenge compared to other classes of biomolecules.
Understanding lipid structure-function in viral processes may enable selective antiviral therapies. occurs in double-membrane vesicle replication factories. DENV genome replication occurs within invaginations of the ER membrane. (4) Both HCV and DENV particles are known to associate with lipid droplets (LDs) during assembly although the role of specific lipids in assembly and egress is poorly understood. DENV and HCV acquire their lipid envelope by budding through the ER membrane. Both DENV and HCV are trafficked through the Golgi before secretion of mature virions through the plasma membrane. HCV has also been shown to acquire some of its viral membrane at the plasma membrane. How lipid structure alters intrinsic membrane properties. (A) Headgroup size and tail saturation influence the surface area that a lipid occupies in a membrane. A lipid with a small headgroup (PE) and unsaturated tails forms a conical shape. Large headgroups (PI) with saturated tails form an inverted cone. Large headgroups with saturated or singly unsaturated side chains have a cylindrical shape (PC). Lipids with small headgroups will tend to localize in regions of negative curvature, whereas species with large headgroups localize in regions of positive curvature. (B) Acyl chain saturation and tail length alter membrane mobility, membrane thickness, and domain formation. Double bonds decrease packing efficiency and increase membrane mobility. Sphingolipids with saturated tails decrease mobility, increase packing efficiency, and promote formation of ordered domains.
Mixtures of sphingolipids and phospholipids can phase separate into highly ordered and disordered domains within cellular membranes. Increasing acyl chain length increases membrane thickness and can lead to hydrophobic mismatch between domains, thus affecting protein localization. Subtle structural differences in lipid molecules (highlighted in yellow) affect biological function. (A) Desmosterol differs from cholesterol by the presence of a double bond in the tail of the molecule. In cell culture, HCV JFH1 infection increases steady-state desmosterol levels in Huh 7.5 cells 10-fold without changes in cholesterol or other sterols (Munger et al., 2008; Rodgers et al., 2012) . Inhibition of desmosterol synthesis blocks viral replication. Rescue of this antiviral effect occurs to differing extents upon the addition of exogenous desmosterol versus exogenous cholesterol or 7-dehydrocholesterol even though these molecules have similar (cholesterol) or identical (desmosterol, 7-dehydrocholesterol), molecular weights and differ only by location of a double bond. (B) Phosphatidylinositol (4,5) bisphosphate (PIP2) differs from phosphatidylinositol (3,4,5) triphosphate (PIP3) by the addition of a phosphate group. The additional phosphorylation imparts markedly different biological functions. PIP2 activates sodium channels, while PIP3 is involved in many signally pathways including the AKT pathway. Representative structures for major lipid classes discussed in Table 3 . Pharmacological probes of host pathways of lipid synthesis, trafficking, and metabolism with anti-flavivirus activity.
Virus Function Antiviral activity of inhibitor Table 3 Classification of lipids.
Lipid class Basic features Fatty acids (FA)
Fatty acids (FAs) are long hydrophobic carbon chains with a polar head group (Figure 2. ) that are further categorized by the number of carbon atoms comprising the aliphatic tail (short: <6 carbon atoms, medium: 6-12 carbon atoms, or long: >12) and whether the aliphatic tail contains C-C double bonds. As an energy source for the cell, their synthesis and oxidation of the β-carbon (β-oxidation) are highly regulated. However, FAs can also be obtained via metabolic byproducts, directly through dietary intake, as well as through the catabolism of glycerolipids. The diverse FAs available in the cell hint at the various roles FAs play. In addition to their role as a crucial energy source, FAs have been shown to be important for signaling, prostaglandin formation, and membrane fluidity. Notably, a major constituent of plasma and organelle membranes is the phosphorylated fatty acid (phospholipid).
Glycerolipids (GL) and glycerophospholipids (GP)
Glycerolipids and glycerophospholipids share a common glycerol backbone; however, GLs contain one to three fatty acids covalently attached to the glycerol backbone via an ester bond (mono-, di-, and triglycerides). Hydrolysis of these ester bonds yields free FAs that can undergo β-oxidation and produce ATP in the mitochondria. For GPs, one alcohol of the core glycerol molecule forms phosphate ester linkage. The simplest GP is phosphatidic acid. Additional substituents on the phosphate yield, respectively, phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), and phosphatidylinositol (PI). Mammalian membranes primarily contain other common GPs: PC, PE, PS, and PI.
Sphingolipids (SP)
Sphingolipids are fatty acids that are amide-linked to a sphingoid base that bears a long-chain hydrocarbon. The archetype sphingolipid is ceramide, which is also the central precursor for other sphingolipids such as sphingosines and sphingomyelin. Sphingosines are important for cell to cell signaling and cellular adherence to matrices. Sphingomyelins are critical for protection of nerve cells via formation of the axon-insulator, the myelin sheath, and have been shown to be reduced in multiple sclerosis. Sphingomyelins have also been shown to interact with cholesterol to modulate lipid bilayer fluidity, particularly at the plasma membrane.
Sterol lipids (ST)
Sterol lipids are tetracyclic (A, B, C, D rings) in structure, with a hydroxyl group attached to the A ring and an aliphatic chain attached to the D ring. Derived from condensation of isoprene subunits, sterol lipids are critical for membrane architecture and formation of lipid-ordered domains ("lipid rafts"), which are important for signaling and dynamic movement in the cell. Additionally, the sterol lipid backbone is the precursor to steroid hormones and vitamin D. The archetype sterol found in most cellular membranes cholesterol, which has been shown to be critical for the entry and replication of many viruses. In addition, biosynthetic precursors of cholesterol, such as desmosterol, have also been shown to be important for sterol regulation by binding to and activating liver X receptors, and these signal transducing functions may also affect other viral processes
Prenols (PR), saccharolipids (SL) and polyketide (PK) lipids
Similar to sterol lipids, prenol lipids are derived from condensation of isoprene subunits. Notably, prenol lipids are precursors to vitamins A, E, and K, and also function as antioxidants. Polyprenols have been shown to be important for shuttling oligosaccharides across cell membranes. Polyketides are derived from condensation of ketoacyl units and are commonly found in bacteria and fungi. They are synthesized by multi-domain protein complexes composed of polyketide synthases, which bear similarities to fatty acid synthases (FAS). Many polyketides have anti-bacterial or anti-fungal properties. Saccharolipids are similiar to glycerolipids, however the sugar backbone has replaced the glycerol backbone. There is minimal literature regarding the antiviral activity of prenols, saccharolipids, and polyketides; however, some polyketides have been reported to inhibit influenza virus.
Bioactive lipids
Lipids are generally identified as sources of energy or components to define cellular membranes. However, some lipids are important regulators or mediators of cellular pathways and signaling events. Bioactive lipids include members of the aforementioned lipid classes and generally contain fatty acids. Identified bioactive lipids have been categorized into three groups: diacylglycerols (DAG), eicosanoids, and sphingolipids. DAGs, an intermediate in the catabolism of glycerolipids, have been shown to be important for protein kinase C regulation. Eicosanoids are metabolites of twenty-carbon polyunsaturated fatty acids. Arachidonic acid (AA), which is metabolized to prostaglandins, the archetype eicosanoid, is of particular importance because prostaglandins can stimulate inflammation, thereby inducing an immune response. Additional bioactive lipids derived from AA and other polyunsaturated fatty acids also have pro-and anti-inflammatory activities important in the host response to viral infection. Finally, sphingolipids participate in wide array of cellular pathways. Notably, sphingosine-1-phosphate and ceramide have been shown to be important for inflammation and apoptosis, respectively.
The International Lipid Classification and Nomenclature Committee (ILCNC) developed a "Comprehensive Classification System for Lipids" to include specific chemical characteristics for their widely-accepted definition of lipids. For brevity, lipids are hydrophobic or amphipathic molecules that are generally insoluble in aqueous solution. The ILCNC divided lipids into eight major classes by the chemical condensation of ketoacyl thioesters or isoprene groups. Representative structures for each lipid class are presented in Fig. 4 .
